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Calcium release-activated calcium influx in cultured human mesangial
cells. Ca2 influx is a major component of the response of cultured
human mesangial cells (HMC) to vasoconstrictors. Activators of phos-
pholipase C such as angiotensin II (Ang II) release Ca2 from intracel-
lular stores and enhance Ca2 influx, which in turn is modulated by
NaICa2 exchange. By microfluorometry we studied the mechanisms
of Ca2 entry in resting and stimulated fura-2-loaded monolayers or
single HMC. Addition of I to 10 mas extracellular Ca2 to cells
equilibrated in Ca2-free media resulted in a rapid, persistent elevation
of free cytosolic Ca2 ([Ca2]1), from 52 5 to 113 18 and 226 37
nM, respectively. Ca2 influx was blocked by lanthanum or chelation
with EGTA, while it was only partially inhibited by voltage-operated
Ca2 channel (VOC) blockers, such as nifedipine or verapamil. The rise
of [Ca2]1 at high external [Ca21 was not due to a Ca2-sensing
mechanism with release of intracellularly stored Ca2, since it was
prolonged, and it was not seen in cells maintained in normal 1.25 mM
[Ca2] media. Moreover, it was not abolished by prior depletion of
Ca2 stores with 0.5 ILM thapsigargin or 5 LM ionomycin in Ca2-free
media, which transiently increased [Ca2]1 (to 281 39 and 380 51
nat, respectively). On the contrary, both agents markedly potentiated
Ca2 influx upon addition of 1 to 10 mat [Ca2], (to a maximum of 686
111 and 633 150 nai, P < 0.05 vs. control). Prior stimulation of
[Ca2J1 with 1 M Ang II had similar effects, enhancing the subsequent
Ca2 influx to 241 42 (1 mat Ca2) and 512 106 nM (10 mat Ca2;
P < 0.05). Enhancement of Ca2 influx by thapsigargin, ionomycin and
Ang II was confirmed by increased Mn2 quenching of fura-2 fluores-
cence following addition of the agents in the absence of extracellular
Ca2t VOC activation by membrane depolarization was not responsible
for such potentiation, since 50 mat KCI failed to modify Ca2 influx.
Na/Ca2 exchange was ruled out by persistence of influx after
intracellular Na depletion. Thus, an initial elevation of [Ca2]1 by
vasoconstrictors, blockers of Ca2 ATPase or Ca2 ionophores en-
hances Ca2 entry in HMC via a Ca2 release-activated Ca2 conduc-
tance, mostly independent of plasma membrane depolarization.
Multiple mechanisms regulate free cytosolic Ca2 ([Ca2]1) of
cultured human mesangial cells to resting levels about 10,000-
fold lower than the physiologic concentration in the extracellu-
lar environment [1]. Passive Ca2 influx via plasma membrane
channels is counterbalanced by active extrusion mechanisms,
such as Ca2 ATPases, which pump Ca2 outside of the cell or
into stores within the endoplasmic reticulum and mitochondria.
Na/Ca2 exchange is also likely to play a role in the extrusion
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of Ca2 under resting conditions, in which a large inward
gradient for Na exists [2, 3]. These mechanisms are of even
greater importance in cells stimulated by vasoconstrictors, in
which a large influx of Ca2 via plasma membrane divalent ion
channels persistently perturbs Ca2 homeostasis [4—8]. The
sudden discharge of intracellular stores by inositol (1,4,5)-
trisphosphate (InsP3), a product of vasoconstnctor-activated
phospholipase C breakdown of membrane phosphoinositides
[4], contributes to the [Ca2]1 elevation, and may act as a trigger
for various cell events, including ion channel opening. Ca2-
activated Cl, K, and even Ca2 channels have been de-
scribed in several cell types [9—12].
The type(s) of ion channels present in cultured rat or human
mesangial cells are not clearly identified, mostly because of
phenotypic changes in culture that often modify ion gating
activities [1, 9—11]. In view of the importance of the Ca2 influx
pathways in the regulation of mesangial cell function, we
undertook an evaluation of the basic mechanisms that control
Ca2 entry in cultured human mesangial cells. Our experimen-
tal findings are consistent with the presence of a basic conduc-
tance pathway that is largely insensitive to pharmacologic
blockers of voltage-operated Ca2 channels (VOC), does not
resemble conventional receptor-operated Ca2 channels
(ROC), and is activated by prior discharge of Ca2 stores.
Thus, the Ca2 influx component of the response to vasocon-
strictors appears to depend mostly upon Ca2 release-activated
Ca2 influx, independent of, or parallel to, conventional volt-
age- or receptor-controlled mechanisms.
Methods
Cell culture
Four human mesangial cell lines obtained from kidneys not
suitable for transplantation or nephrectomy specimens were
employed in this study. The written consent of patients or
relatives was obtained in all cases. Glomerular explants were
propagated and maintained in culture with standard techniques
[, 3, 7, 13]. Cells in passages 2 to 18 were employed after
characterization according to previously published criteria [2,
3, 7, 13]. The cells were maintained at 37°C in a controlled
atmosphere of 95% air and 5% C02, and subcultured every four
to seven days. Culture medium was RPMI 1640 supplemented
with 17% heat-inactivated fetal bovine serum (FBS, Flow
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Laboratories, Irvine, Scotland, UK), 5 g/ml human recombi-
nant insulin (Novo, Copenhagen, Denmark), and 10 jig/mi
ceftriaxone (Hoffmann-La Roche, Basel, Switzerland).
Measurement of [Ca2
Human mesangial cells grown to confluence on plastic Aclar
coverslips (Allied Enginereed Plastics, Pottsville, Pennsylva-
nia, USA) were maintained for 24 hours in serum-free media
prior to loading for 40 minutes with the Ca2-sensitive intracel-
lular probe fura-2 acetoxymethylester [2, 3, 7, 14]. After an
additional 20 minutes in fura-2-free medium, the cells were
placed on ice until used. Bathing medium through all experi-
ments was a modified Krebs-Henseleit solution (KHH) buffered
with 20 m N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES), and containing 0.2% fatty acid-free bovine
serum albumin (BSA). Ca2-free solutions were used in most
cases, to which Ca2 was subsequently added to the final
desired concentration from a 1 ms CaCl2 stock solution.
Replacement Na-free solutions had identical composition,
with Na isoosmotically replaced by choline. When needed,
solutions were changed within 3 seconds by vacuum aspiration!
refilling with prewarmed KHH.
Monolayer measurements
The coverslip was inserted diagonally into an UV-grade
quartz cuvette filled with 2 ml of KHH. Fluorescence was
continuously measured at 340/500 nm excitation/emission
wavelengths in a Perkin-Elmer LS5B spectrofluorometer
equipped with thermostatically controlled cuvettes and stirring
apparatus. Excitation/emission slits were 2.5 and 5 nm, respec-
tively. Single wavelength measurements were validated for
each group of studies by ratio fluorometry, setting the instru-
ment to alternate 340/380 nm excitation wavelengths approxi-
mately every 6 seconds.
Single cell measurements
Ca2-dependent fluorescence was measured in single cells
grown on Aclar plastic coverslips with a Spex AR-CM SN.761
microfluorometer (Spex Industries, Edison, New Jersey, USA),
connected to a Nikon Diaphot-TMD inverted microscope
equipped with a Nikon CF x 40 fluor objective. Recordings
were obtained at 340 and 380 nm excitation wavelengths (band-
width 0.5 nm). Emissions were collected by a photomultiplier
carrying a 510 nm cutoff filter and recorded by an ASEM Desk
2010 computer, which automatically calculated the real-time
340/380 nm ratios.
Calibration of Ca2 +
-dependent fluorescence
Ca2-dependent fluorescence was calibrated by adding 15 to
40 jiM ionomycin at the end of each experiment, to saturate the
dye to maximal fluorescence (verified by addition of 10 msi
CaC12), followed by 7.5 mt ethyleneglycol-bis-(f3-aminoethyl-
ether)N,N'-tetraacetic acid (EGTA) plus 60 mst Tris-HC1, pH
10.5, to release Ca2 from fura-2 and obtain minimal fluores-
cence [2, 3, 7, 14]. [Ca2]1 was calculated according to the
standard equations:
Kd (F — Fmin/Fmax — F)
Kd(Fo!F)(R — Rmin/Rmax — R)
for single- [1] and dual-wavelength [2] excitation, respectively
[4], where Fmin/Fmax are the minimal and maximal fluorescence
readings at 340 nm excitation; Rmin/Rmax are the minimal and
maximal 340/380 nm fluorescence ratios; F0 and F are the 380
nm fluorescence excitations in the absence of Ca2 and at
saturating Ca2, respectively. Kd of fura-2 for Ca2 is 224 nM
[14]. The illustrations reproduce the original 340 nm excitation
tracings.
Chemicals
lonomycin was from Calbiochem-Behring (La Jolla, Califor-
nia, USA). Fura-2 and bis-(l ,3-diethylthiobarbiturate)-trimeth-
ineoxonol (bisoxonol) were obtained from Molecular Probes
(Eugene, Oregon, USA). All other chemicals were of the purest
grade available from Sigma (St. Louis, Missouri, USA).
Statistical analysisis
Data are expressed as mean SE. Significance of the ob-
served differences was assessed by one-way analysis of vari-
ance.
Results
Monolayers of cultured human mesangial cells had a resting
[Ca2] of 74 8 flM in the presence of 1.25 mi extracellular
Ca2. Removal of extracellular Ca2 by replacement of the
bathing solution with a nominally Ca2-free medium or chela-
tion of Ca2 with EGTA resulted in an immediate, persistent
reduction of [Ca2]1 to 52 5 flM (N = 28). The graded addition
of 1 to 10 m extracellular Ca2 induced a rapid, persistent
elevation of [Ca2]1 to and above resting levels at 1.25 mM Ca2
(Fig. 1, Table 1). This elevation was due solely to Ca2 influx,
as it was completely blocked by simultaneous addition of 10 m
LaCl3, which competes with Ca2 for entry through membrane
channels, and by 3 to 20 m EGTA, which chelates external
Ca2 (N = 5 each). Nearly identical results were obtained in
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Ca2÷, 1 mr,i Ca2, 10 mM
[Ca21,, flM
1 miri
Fig. 1. Effects of progressive elevation of extracellular [Ca2 J on
[Ca], of human mesangial cell mono/ayers equilibrated in Ca'--free
medium after loading with fura-2. Tracing representative of N = 12
experiments.
single cells, by computer-assisted fluorescence microscopy. In
these experiments, resting [Ca2] was 66 3 flM in the absence
(Eq. 1) of extracellular Ca2, subsequently elevated to a plateau of Ill
17 and 160 29 n by addition of 1 and 10 m Ca2,
(Eq. 2) respectively (N = 9 each).
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Table 1. Enhancement of Ca2 influx into fura-2 loaded monolayers
of human mesangial cells equilibrated in Ca2-free medium by stimuli
of [Ca2]
Control
Thapsigargin,
0.5 LM
lonomycin,
5 LM
Angiotensin II,
I &M
lmM[Ca2] 113± 18 394±95 341±51 241±42
10mM [Ca2] 226 37 686 111 633 150 512 176
Monolayers were treated with any of the three agents or vehicle
(control), resulting in a transient rise of [Ca211. After stabilization of
[Ca211 to pre-stimulation levels, I or 10 ma Ca2 was added under
continuous fluorescence monitoring. Data are mean flM [Ca211 SE
from N = 5 to 14 experiments. All data are significantly different from
control at P < 0.05 or greater by one-way analysis of variance.
Fig. 2. Effects of elevated extracellular [Ca] on fCcz']4 of fura-2-
loaded human mesangial cell monolayers previously equilibrated in
1.25 mM[Ca241 solutions. Note absence of response to 10 mss Ca2, but
normal response to 1 iLM angiotensin II (Ang II). Tracing representative
of N = 4 experiments.
The elevation of [Ca2]1 could not be explained by Ca2
release from intracellular Ca2 stores, as it was persistent (Fig.
1), and since human mesangial cells do not display Ca2t
sensing activity, unlike parathyroid cells or osteoclasts, in
which a receptor for divalent cations releases intracellularly
stored Ca2 upon progressive extracellular addition of Ca2
[15, 16]. Experiments in cells normally equilibrated in 1.25 mM
Ca2 indicated that [Ca2I was not modified by progressive
elevation of [Ca2]e to 5 or 10 mat (Fig. 2). Further evidence
that intracellularly stored Ca2 was not the source for the
[Ca2I response to an increase of ambient [Ca2] was obtained
from experiments with thapsigargin (Fig. 3). This compound
blocks the re-uptake of Ca2 into the endoplasmic reticulum,
thus transiently increasing [Ca2] due to efflux of stored Ca2
[17, 18]. Following thapsigargin addition, depletion of intracel-
lular Ca2 stores was confirmed by the failure of a subsequent
addition of angiotensin II (Ang II), 1 JSM, to raise [Ca2], (not
shown, N = 5). As illustrated in Figure 3, not only did this
approach fail to block the subsequent elevation of [Ca2'i upon
addition of I or 10 mas Ca2, but the [Ca211 elevation was
actually potentiated (Table I). Again, similar results were
obtained at the single cell level, in which prior addition of
thapsigargin potentiated Ca2 influx to a maximum [Ca2]1 of
373 36 and 515 16 nat, 1 and 10 mat Ca2, respectively (N
= 5).
We then used another method to deplete intracellular Ca2
stores, that is, addition of the Ca2 ionophore, ionomycin, to
cells equilibrated in a Ca2-free medium. lonomycin transiently
raised [Ca2] due to mobilization of intracellular stores. The
bathing solution was then aspirated and replaced twice with
BSA-containing medium, to displace the Ca2 ionophore. Sim-
ilar to the thapsigargin experiments, this protocol significantly
increased the magnitude of the subsequent [Ca2]1 response to
addition of Ito 10 mat Ca2 (Fig. 4, Table 1). This suggests that
depletion of intracellular Ca2 stores activates a channel sen-
sitive to [Ca2] or to another intracellular signal associated
with opening of Ca2 stores. In another protocol, 10 sM
ryanodine, a blocker of the release of Ca2 from the sarcoplas-
mic reticulum [18], did not enhance Ca2 influx upon readdition
of extracellular Ca2 (82 19 and 222 55 at 1 to 10 mat Ca2,
respectively, P = NS vs. influx in resting, untreated cells, N
6), while it significantly reduced the amplitude of the [Ca2i
response to 1 LM Ang II (peak [Ca211 108 7 flM, P < 0.01 vs.
control, N = 6). Notably, ryanodine did not elevate [Ca2J1 by
[Ca2J,, flM Ca2, 1 ma, Ca2, 10 mM
1 mm
Fig. 3. Effects of 0.5 se thapsigargin (Thapsi) on [Ca'J of fura-2-
loaded human mesangial cell monolayers equilibrated in Cd-free
medium. Note subsequent enhancement of Ca2 influx upon graded
addition of extraceilutar Ca2t Tracing representative of N = 7
experiments.
[Ca211, flM Ang U
Ga2, 10mM
1 mm
Fig. 4. Effects of 5 ssi tonomycin on [Ca]1 of human mesangial cell
monolayers equilibrated in Ca'-free medium. Note subsequent en-
hancement of Ca2 influx upon graded addition of extracellular Ca2
Tracing representative of N = 14 experiments.
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Control
Verapamil,
10 LM
Nifedipine,
10 tLM
1 mM [Ca24] 116 21 177 45 73 13
10mM[Ca2] 206±37 174±22 173±33
1 mM [Ca21
+ S LM ionomycin 213 16 102 24 109 12
10 mM [Ca241
+ 5 LM ionomycin 348 14 175 67 180 28
1 mM [Ca21
+lLMAngII
10 mM [Ca24]
173±25 185±39 124±5
+ 1MAngII 460±70 457±36 444±30
1 mM [Ca2j
+1$.LMU-46619 185±15 215±56 221±33
10mM [Ca21
+ I /.LM U-46619 357 38 395 109 423 88
Monolayers preincubated for 3 minutes with or without verapamil or
nifedipine were treated with any of the three agents or vehicle (control),
resulting in a transient rise of [Ca24]1. After stabilization of [Ca24)1 to
pre-stimulation levels, 1 or 10 ms'i Ca24 was added under continuous
fluorescence monitoring. Data are mean m [Ca24]1 SE from N = 4 to
7 experiments.
° P < 0.01 vs. ionomycin control by one-way analysis of variance
itself, confirming a primary role for the depletion of intracellular
Ca24 stores in potentiating a subsequent Ca24 influx.
We next examined whether vasoconstrictors such as Ang II
or the thromboxane A2 mimetic, U-466l9, which activate a
phospholipase C and release Ca24 from intracellular stores in
these cells [5—8], also potentiated influx of Ca24 upon progres-
sive elevation of [Ca2 4Je. As shown in Figure 5 and Tables 1
and 2, both compounds transiently increased [Ca24]1, and
significantly potentiated the subsequent influx upon addition of
ito 10 mM extracellular Ca24. These results were confirmed in
single mesangial cells, in which Ang II increased Ca2 influx to
261 81 flM at 1 ifiM [Ca24]e and to 364 114 at 10mM [Ca24].
To rule out the potential confounding effects of changes in
Ca24 efflux, and to confirm that actual Ca24 influx was respon-
sible for the observed changes of [Ca211, we employed Mn24
2
a)0
02
1
0
2
1
0
1 mm
FIg. 6. Quenching of fura-2 fluorescence in human mesangial cell
monolayers equilibrated in Ca24-free medium by 100 iMnCI2 before
and after addition of three unrelated stimuli of the release of intracel-
lular Ca2' stores. Note the increased slope of fluorescence decay
following addition of 0.5 LM thapsigargin (thapsi, A), 5 M ionomycin
(iono, 13), or 1 sM angiotensin II (Ang II, C). Composite 340 nm
excitation tracings representative of N = S experiments for each
condition.
quenching of the fura-2 dye to monitor influx of another
extracellular divalent cation. Mn2 penetrates the cell mem-
brane through the same channels employed by Ca2, rapidly
quenching fura-2 fluorescence by irreversible binding [19]. As
shown in Figure 6, addition of 100 M MnC12 to cells equili-
brated in Ca24-free media resulted in a slow, progressive
reduction of the fluorescent emission at both 340 and (not
shown) 380 nm wavelengths. Stimulation of the cells with either
0.5 tiM thapsigargin, 5 LM ionomycin or 1 tiM Ang II (panels A,
B and C, respectively) promptly increased Mn24 quenching of
fura-2 fluorescence, following a transient rise of [Ca2], due to
release from intracellular stores. Mn24 quenching increased by
45 3, 34 2, and 35 2% of total quenchable fluorescence
with thapsigargin, ionomycin, and Ang II, respectively (P <
0.05 by one-way ANOVA). Thus, all agents that elevate
[Ca24]1, irrespective of their mechanism of action, that is,
blockade of reticulum Ca2 ATPase, permeabilization of
stores, or activation of the InsP3 receptor, had similar ability to
enhance subsequent Ca24 or Mn24 entry. While this could be
theoretically explained by VOC opening after cell depolariza-
tion via a Ca24-activated C1 conductance [10, ii], the exper-
iments of Figure 7 ruled out this possibility. Depolarization of
the plasma membrane by 50 mrs KCI failed to elevate [Ca24]1 in
cells equilibrated in normal Ca2, indicating an absence of
functional VOC in this preparation, and had no effect on the
Ca24 influx following application of extracellular Ca2. Parallel
measurements of membrane potential of these cells with a
previously described technique based on the fluorescent indi-
cator, bisoxonol [20, 21] indicated that 50 mrvt KC1 completely
depolarized the cells from resting values of —43.9 2.9 mV.
Further evidence that L-type VOC do not play a major role in
the internalization of Ca24 in resting cells came from experi-
ments in which the cells were pretreated with the Ca24 channel
blockers, nifedipine or verapamil, 10 As shown in Table 2,
[Ca21, flM Ca2, 1 mM Ca2÷, 10 mM
55
Ang II
HH
Mn2 A
Mn2
Mn2
1 mm
Fig. S. Enhancement of Ca2 influx by an initial rise of[Ca'], due to
discharge of intracellular Ca24 stores of human mesangial cell mono-
layers equilibrated in Ca'-free medium by I fiat, angiotensin II (Ang
II). Tracing representative of N = 7 experiments.
Table 2. Effects of voltage-operated Ca2 channel blockers on Ca24
influx into fura-2 loaded monolayers of human mesangial cells
equilibrated in Ca24 -free medium
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Fig. 7. Depolarization of fura-2-loaded human mesangial cell mono-
layers equilibrated in Ca-free medium with 50 mi KCI (B) fails to
potentiate Ca influx upon progressive elevation of extracellular[Ca2 J. A. control experiment. Tracings are representative of N = 5
experiments for each condition.
these agents had a negligible effect on basal Ca2 influx. Their
effect on agonist-stimulated Ca2 influx was more complex, in
that only ionomycin-induced Ca2 entry was significantly in-
hibited, while the response to Ang II or U-46619 was not
affected. This indicates different mechanisms for the Ca2
influx-enhancing effects of a ionophore versus activators of
phospholipase C that primarily discharge InsP3-sensitive intra-
cellular Ca2 stores. Activation of an additional Ca2 entry
pathway by ionomycin, which is sensitive to Ca2 channel
blockers, may explain the massive effect of this ionophore on
Ca2 conductance once its external concentration is restored
(Table 2).
Since human mesangial cells express Na/Ca2 exchange
activity, revealed by a rapid rise of Ca2 upon withdrawal of
extracellular Na [2, 31, one could theoretically attribute the
Ca2 influx to this pathway operating in reverse mode upon
sudden imposition of a large inward Ca2 gradient. Our previ-
ous reports of potentiation of Na/Ca2 exchange activity by
vasoconstrictor stimuli of phospholipase C [3] could explain the
magnification of Ca2 influx in cells stimulated by Ang II or
U-46619 via activation of this antiporter. To rule out this
possibility, we depleted the cells of intracellular Na and Ca2
by prolonged incubation in Na and Ca2-free solution. Actual
depletion of Na was confirmed by the absence of any residual
Ca2 influx upon repeated replacement of the Nat-free bathing
solution (not shown). As illustrated in Figure 8, substantial
Ca2 influx occurred upon the addition of extracellular Ca2
even in experimental conditions leading to Na depletion, thus
making a contribution of Na/Ca2 exchange to the process
unlikely. Of note, in the experiment shown, replacement of the
bathing media with a Nat-free solution failed to increase
[Ca2] due to the absence of extracellular Ca2t This confirms
that the influx of Ca2, and not mobilization of intracellular
deposits, is the source of increased [Ca2]1 in cells acutely
exposed to Na-free solutions.
Fig. 8. Effects of increasing extracellular [Ca2J on [Ca] of fura-2-
loaded human mesangial cell monolayers equilibrated in Ca'-free
medium and Na-depleted for 5 mm prior to addition of Ca2 (Na-
free, choline Cl isoosmotic Na replacement). Tracing is representative
of N = 5 experiments.
Discussion
Cultured mesangial cells of human origin express functional
Ca2 entry pathways that only partially follow the conventional
scheme for smooth muscle cell membrane physiology [221. We
herein provide evidence for a Ca2 release-activated Ca2
influx mechanism that should be considered distinct from
"classical" VOC and ROC, in that: (i) release of stored Ca2 by
any means promotes Ca2 entry through this channel; (ii)
plasma membrane depolarization does not affect this Ca2
conductance; (iii) pharmacologic inhibitors of VOC only mar-
ginally affect this internalization pathway; and (iv) activation of
the channel exhibits no need for receptor occupancy, as dem-
onstrated by the thapsigargin and ionomycin experiments. The
studies with Mn2 unequivocally provide evidence that influx
of divalent ions is already occurring upon Ca2 withdrawal
from the bathing medium of resting cells, and is indeed en-
hanced upon releasing stored Ca2 by any means.
The interest of this Ca2 internalization pathway is several-
fold. First, to our knowledge, this is the only report of such
mechanism in a contractile cell type of renal origin. Second,
evidence that substantial Ca2 influx occurs in agonist-stimu-
lated mesangial cells has been provided by means of radioiso-
topic techniques and by parallel recording of a persistent
elevation of [Ca2111 following the initial release of intracellu-
larly stored Ca2 [1, 3, 5—8]. This has been conventionally
attributed to opening of VOC, activated by plasma membrane
depolarization, possibly by an outward Cl current [10, 11].
Yet, the use of depolarizing solutions has often failed to induce
a rise of [Ca2]1, for unclear reasons [1, 23]. Only few reports in
rat mesangial cells have described this type of response or an
effect of Bay K8644, a VOC agonist [8, 23—25]. Modulated
expression of VOC in culture could explain this discrepancy, as
certain cell lines may retain such a feature, while others lose
this phenotype. Third, ROC or other "second messenger"-
activated Ca2 channels [26, 27] are not involved, at least in this
series of experiments, as agents such thapsigargin have no
known effects on plasma membrane Ca2 channels nor on the
release of inositol phosphates from membrane phosphoinositi-
des. Inositol (l,3,4,5)-tetrakisphosphate has been implicated in
A
[Ca21,, flM Ca2 1 m Ca2, 10 mM
B
[Ca21],, flM Ca2, 1 m Ca2, 10 mM
262 KCI
1 nun
Ca2, 1 mivi Ca2, 10 miv
[Ca2'], flM 4
296
241
58
Na-free 1 mm
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the opening of a Ca24 conductance in various cell types,
although conflicting reports in mesenchymal cells question the
relevance of this mechanism to explain Ca24 influx [26, 271.
Fourth, a classic ionophore such as ionomycin has convention-
ally been used to internalize Ca24 through the plasma mem-
brane, and, in conjunction with elevated extracellular Ca24 (for
example 10 mM) to saturate fluorescence of intracellular probes
[2, 3, 7, 14]. These data suggest that ionophoresis is not the sole
mechanism by which ionomycin permeabilizes the cells to
Ca24, but, rather, opening of Ca2 release-activated Ca2
channels plays a relevant role.
Based on these observations, the persistent Ca24 influx that
follows activation of mesangial cells by vasoconstrictors should
be attributed, at least in our cell culture conditions, to an inward
current sensitive to the initial release of internally stored Ca24.
In this view, the InsP3-sensitive Ca24 pool may serve as a
"trigger" for a sustained response, thus initiating a cascade
amplification signaling mechanism. Despite nearly simulta-
neous up-regulation of counteracting outward Ca24 transport
by Ca24 ATPases and Na4/Ca24 exchange [2, 31,the mesangial
cells would enter in an activated state in which ion balance, and
thus near normal [Ca2]1, is maintained by simultaneous acti-
vation of different transporters. Other examples of this phenom-
enon include activation of Na/H4 exchange counteracted by
CFJHCO3 exchange to preserve pH1 at physiological levels
[28]. Other ion conductances may be critically dependent upon
"flash" Ca24 release, such as the putative Ca24-activated Cl
channel described with different methodologies in cultured rat
mesangial cells [10, 11].
These experiments do not provide clues as to the physical
nature of this putative Ca24 channel, which seems to differ from
VOC and ROC in its pharmacological sensitivity and require-
ments for activation. Interestingly, Ca24 release-activated, in-
ward rectifying Ca2 conductances have been recently de-
scribed in other cell types, such as mast cells [29], human
endothelial cells [191, pancreatic [30], and parotid cells [31]. All
these reports point to the importance of prior discharge of
intracellular Ca24 stores by any means, after which sustained
Ca24 influx seems to occur for as long as 20 minutes. In the
studies by Hoth and Penner, this putative channel in mast cells
appears to be highly selective for Ca24 over Ba24, Sr, and
Mn2 [29], while endothelial cells display less selectivity for
Mn24 [19]. The latter is clearly the case in human mesangial
cells, in which Mn24 produces a prompt quenching of the fura-2
Ca24-dependent fluorescence (Figs. 2, 3, 6, and 7), indicating
internalization via a divalent ion influx pathway present even in
resting cells. Recently, this novel mechanism of channel acti-
vation has been attributed to the release of a small molecular
weight, diffusible "second messenger" whose chemical struc-
ture is still unknown, possibly released by the endoplasmic
reticulum or another Ca24 storage site upon Ca24 efflux [32,
33]. This putative molecule would be directly responsible for
activation of a specialized plasma membrane ion channel. The
resulting Ca24 influx would replenish Ca24 stores and/or main-
tain supranormal [Ca24]1 following receptor activation of non-
excitable cell types [29, 32, 33].
In conclusion, our studies provide a novel insight into the
mechanisms controlling [Ca24]1 in resting and activated mesan-
gial cells. Besides confirming the importance of immediate
phosphoinositide breakdown in triggering subsequent signaling
events in these cells, the data indicate that in mesangial cells
mechanisms exist that amplify cytosolic signals elicited by
vasoconstrictors. This has obvious implications for several
mesangial functions including contractility, ultrafiltration, ma-
trix formation and local response to immune injury.
Pharn1gic manipulation of mesangial cell behavior may
require approaches other than the blockade of conventional
Ca24 channels, such as inhibition of endogenous vasoconstric-
tors at the receptor level, prior to activation of phospholipase-
coupled release of internally stored Ca24. Indeed, the possibil-
ity should be considered that in these cells Ca24 channel
blockers may not prevent sustained Ca24 influx, once the
process has been activated by an initial release of sequestered
Ca24. Future studies in vitro and in vivo should take in account
this important feature of glomerular smooth muscle-like mesan-
gial cells.
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